In the present study, a total of 298 feces samples (including 79 from Heilongjiang province, 31 from Hebei province, 67 from Jilin province, 90 from Liaoning province, and 31 from Shandong province, Northern China) were examined by nested PCR amplification of the internal transcribed spacer (ITS) region of the rRNA gene. The overall prevalence of E. bieneusi in minks was 10.1%, with 10.5% in Jilin province, 32.3% in Hebei province, 8.9% in Liaoning province, 0% in Shandong province, and 6.3% in Heilongjiang province. Furthermore, multiple logistic regression analysis revealed that region was only risk factors associated with E. bieneusi infection in the investigated minks. Five E. bieneusi ITS genotypes (three known genotypes, namely D, Peru11, and EbpC; two novel genotypes, namely, NCM-1 and NCM-2) were found in the current study. Importantly, genotypes D, Peru11 and EbpC, previously identified in humans, were also found in minks, which suggested that minks are the potential sources of human microsporidiosis. To the best of our knowledge, this is the first report of E. bieneusi infection in minks worldwide. The results of the present survey have implications for the controlling E. bieneusi infection in minks, other animals and humans.
INTRODUCTION
Enterocytozoon bieneusi is the most frequently detected Microsporidia species, which composed of over 1300 named species, classified into 160 genera (da Cunha et al., 2016; Li et al., 2016a) . It is ubiquitous in the environment and is responsible for over 90% of intestinal microsporidiosis in humans (Desportes et al., 1985) . Transmission of E. bieneusi was mainly through fecal-oral route, such as ingestion of food and/or water contaminated by spores of E. bieneusi (Prasertbun et al., 2017) . AIDS infection with this pathogen may cause life-threatening chronic diarrhea (Canning and Hollister, 1990) . Although immunocompetent individual infection with E. bieneusi are usually asymptomatic, they can shed spores into the environment .
To date, more than 240 E. bieneusi genotypes were defined based on the internal transcribed spacer (ITS) region of the rRNA gene (da Cunha et al., 2016) , which were classified into nine groups by phylogenetic analyses. Among these groups, group 1 representing zoonotic potential phylogenetic group was responsible for the majority of human infections while the remainings (groups 2 to 9) were host-adapted phylogenetic groups, which more frequently recorded in specific hosts or water (Hu et al., 2014; Ma et al., 2015) . Interestingly, several genotypes, such as I, J, and BEB4 were divided into phylogenetic groups 2, but they have also been found in humans (Jiang et al., 2015) , indicating that these genotypes have zoonotic potential. Therefore, there are raised some questions in the genotypes identification of E. bieneusi.
Enterocytozoon bieneusi was firstly identified in pig feces (Deplazes et al., 1996) . Many animals have been now recognized as its hosts (Du et al., 2015; Qi et al., 2015; Fiuza et al., 2016; Li et al., 2016b; Xu et al., 2016; Zhang et al., 2016a,b; da Cunha et al., 2017; Yue et al., 2017) . Although E. bieneusi from other animals can be a potential source for human infections (Xu et al., 2016; Zhang et al., 2016a; Yue et al., 2017) , no information is available about prevalence and genotypes of E. bieneusi in minks. Therefore, in the present study, a total of 298 feces samples from five provinces of Northern China were examined to estimate the E. bieneusi prevalence and to identify their genotypes. Our results should provide a foundation for the improved control of E. bieneusi infection in humans and animals in these regions and elsewhere in China.
MATERIALS AND METHODS

Ethics Approval and Consent to Participate
This study was approved by the Animal Ethics Committee of Hunan Agricultural University. Minks used for the study were handled in accordance with good animal practices required by the Animal Ethics Procedures and Guidelines of the People's Republic of China. 
Specimen Collection
DNA Extraction, PCR Amplification, and Sequencing
Genomic DNA was extracted using the E.Z.N.A.
R Stool DNA Kit (Omega Bio-tek Inc., Norcross, GA, United States) (Xu et al., 2016) . Then DNA samples were stored at −20 • C until tested. The molecular identity and genotype of E. bieneusi of each specimen was detected by PCR-based sequencing of ITS locus using previous established methods (Xu et al., 2016; Zhang et al., 2016a) . PCR products were send to Sangon Biotech Company (Shanghai, China) for sequencing from both directions.
Phylogenetic Analyses
The ITS locus sequences of the representative samples (representing different genotypes) were used for phylogenetic analyses. The obtained ITS sequences were aligned with the corresponding reference sequences in GenBank using ClustalX1.81 (Thompson et al., 1997) . The neighbor-joining (NJ) were performed using Mega 5.0 (Tamura et al., 2011) . The Kimura 2-parameter model were selected as the most suitable model. NJ tree were calculated based on 1,000 bootstrap replicates.
Statistical Analysis
The variation in prevalence of E. bieneusi-infected minks (y) of age (x1), gender (x2), different geographical location (x3), and season (x4) were analyzed by χ 2 test using SAS version 9.1 (SAS Institute, Cary, NC, United States) (Meng et al., 2017; Zhang et al., 2017) . Each of these variables was included in the binary logit model as an independent variable by multivariable regression analysis. When P < 0.05, the results were considered statistically significant. The adjusted odds ratio (OR) and 95% confidence interval (CI) for each variable were calculated with binary logistic regression and all risk factors entered simultaneously.
RESULTS
Prevalence of E. bieneusi
The study showed that 30 (10.1%, 95% CI 6.6-13.5) of the 298 tested fecal samples were positive for E. bieneusi ( Table 1) . The prevalence of E. bieneusi in different region groups ranged from 0.0 to 32.3% (Table 1) . Of the nine farms, six farms were detected E. bieneusi-positive, with the highest prevalence in farm 3 (32.3%) located in Hebei province (Table 2) . Furthermore, prevalence of E. bieneusi in minks of less than 3 months old and minks of more than 3 months old was 8.8 and 11.3%, respectively (P = 0.47). The prevalence of E. bieneusi in female minks (9.0%) was lower than males (11.1%) (P = 0.54). Prevalence of E. bieneusi was 8.8% in summer, 14.0% in autumn and 7.0% in winter (P = 0.31). Moreover, a significant correlation between the investigated region and E. bieneusi infection (P = 0.01) was observed by logistic regression analysis.
Genetic Characterizations and Genotype Distribution of E. bieneusi in Minks
DNA sequence analysis of the ITS locus suggested five E. bieneusi ITS genotypes (three known genotypes and two novel genotypes) were identified in this study, namely, D, Peru11, EbpC, NCM-1, and NCM-2 ( Table 2) . Of these genotypes, D was the predominance genotype which is present in four farms (n = 12), was responsible for 40.0% of all infection; genotype EbpC (n = 7, 23.3%) and NCM-1 (n = 5, 16.7%) were all found in two farms; genotype Peru11 (n = 5, 16.7%) was found in three farms; NCM-2 (n = 1, 3.3%) was only identified in farm 8 located in Heilongjiang province. Moreover, a total of seven polymorphic sites were observed among the five genotypes ( Table 3) . Phylogenetic analysis of ITS sequences indicated that the three known genotypes sequences (accession nos: MF440664, MF440667, and MF440668) were identical to that of genotypes D (accession no. KT922238), Peru11 (accession no. JX994269), and EbpC (accession no. KR815517) sequences, respectively.
Phylogenetic Relationship of E. bieneusi
To ascertain the identity of the E. bieneusi isolates, phylogenetic relationship of E. bieneusi isolates were reconstructed base on the ITS sequences. In this tree, groups 1, 2, 3, 5 were in different clade, respectively; however, groups 7, 8 and groups 4, 6 were in two 
Frontiers in Microbiology | www.frontiersin.orgFIGURE 1 | Phylogenetic analyses of Enterocytozoon bieneusi using neighbor-joining (NJ). E. bieneusi isolates identified in the present study are pointed out by solid circles. (Figure 1) . Group 1 and group 2 were more closely related than to other groups. These results indicated that all the E. bieneusi isolates in present study were classified to group 1 (Figure 1) . Group 1 can be further divided into six subgroup (subgroups 1a-f). D and Peru11 were in supgroup 1a ( Figure 1) ; however, EbpC, NCM-1, and NCM-2 were in subgroup 1d (Figure 1 ).
DISCUSSION
Enterocytozoon bieneusi is an important enteric pathogen.
Humans acquired E. bieneusi infection may present with the symptoms of diarrhea and enteric diseases . Various studies have been reported from E. bieneusi prevalence in different animals around the world (Santín and Fayer, 2011; Ma et al., 2015; Santin and Fayer, 2015; Prasertbun et al., 2017) , but information about distribution of genotypes of E. bieneusi in captive animals in China is scarce, especially in minks.
In the present study, the overall prevalence of E. bieneusi in minks was 10.1% (30/298), which was higher than that in domestic rabbits (0.94%, 4/426) (Zhang et al., 2016b) , raccoon dogs (4.1%, 2/49) , pet chinchillas (3.6%, 5/140) (Qi et al., 2015) , captive snakes (4.6%, 11/240) (Karim et al., 2014b) , but was lower than that in captive golden snub-nosed monkeys (46.2%, 74/160) (Yu et al., 2017) , and captive Asiatic black bears (27.4%, 29/106) in other provinces of China. This is most likely due to the worse raising conditions and generally higher density of minks in investigated farms. We found that minks from Hebei province (32.3%, 95% CI 14.8-49.7, OR = 7.05, P = 0.01) have a higher prevalence of E. bieneusi compared with Jilin (10.5%, 95% CI 2.9-18.0, OR = 1.7), Heilongjiang (6.3%, 95% CI 0.8-11.8, OR = 1), Liaoning (8.9%, 95% CI 2.9-14.9, OR = 1.4), and Shandong provinces (0%). Moreover, the difference in prevalence may be related to other factors, such as animal welfares, climates, and animal husbandry practices.
More than 50 E. bieneusi ITS genotypes have been identified in captive animals in China (Table 4) . However, only five genotypes were identified in present study. These findings suggested that the five genotypes were endemic E. bieneusi in minks in Northern China. In the present study, the most prevalent genotype was D which has also been found in captive non-human primates, domestic rabbits, captive foxes, captive raccoon dogs, pet chinchillas, and many other captive wildlife (Karim et al., 2014a; Du et al., 2015; Qi et al., 2015; Yang et al., 2015 Yang et al., , 2016 Yang et al., , 2017 Zhao et al., 2015; Li et al., 2016b; Xu et al., 2016; Zhang et al., 2016a,b; Yu et al., 2017) . In addition, the second most prevalent genotype was EbpC which was also more frequently found in some captive animals (captive foxes and captive non-human primates) (Karim et al., 2014a; Zhao et al., 2015; Yang et al., 2017) ; however, Peru11 was only found in captive non-human primates in China (Karim et al., 2014a; Yang et al., 2017) . These findings also suggested that these genotypes of E. bieneusi might transmission among these captive animals. More importantly, three known genotypes of E. bieneusi from the present study (D, Peru11, and EbpC) have been also previously identified in humans in China (Wang et al., 2013; Ojuromi et al., 2016) . Therefore, our results have indicated that mink might be a potential source of infection for humans. Moreover, seven polymorphic sites were observed among the five genotypes, implying the more genetic diversity of E. bieneusi in minks in Northern China.
Minks is one of the most important economic animals. They can provide thick fur for humans. Therefore, more and more minks were raised as an important source of income in many countries. Previous studies have indicated that many pathogens can infect minks (Chalmers et al., 2015; Gholipour et al., 2017; Xie et al., 2018) . In the present study, we found that E. bieneusi can also infect minks which expend the hosts range of E. bieneusi. The results of the present survey have implications for the controlling E. bieneusi infection in minks, other animals and humans in China and elsewhere in the world.
CONCLUSION
This is the first record of E. bieneusi in minks, and the prevalence is associated with the region of investigated minks. These findings also suggest that D, Peru11, EbpC, NCM-1, and NCM-2 are endemic in minks in Northern China. The occurrence of zoonotic E. bieneusi genotypes in the feces of the minks suggests potential environmental contamination with E. bieneusi oocysts and may raise a public health concern. Moreover, effective measures should be implemented to avoid water-born microsporidiosis outbreaks.
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